Aims/hypothesis In the present study we investigated potential associations of a set of 45 single nucleotide polymorphisms (SNP) in 20 candidate genes on eight chromosomes with diabetic nephropathy (DN) in type 2 diabetes mellitus. We aimed to compare two methodological approaches suitable for analysing susceptibility to complex traits: single-and multi-locus analyses. Materials and methods The study comprised a total of 647 subjects in one of three groups: diabetes with or without DN, or no diabetes. Genotypes were detected by PCRbased methodology (PCR only, PCR plus RFLP, or allelespecific PCR). Haplotypes were inferred in silico. Set association (tested using SUMSTAT software) was used for multilocus analysis.
Introduction
Diabetic nephropathy (DN) is a serious long-term consequence of diabetes, affecting roughly one-third of both type 1 and type 2 diabetic patients. Complex interplay between haemodynamic and metabolic factors, initiated by hyperglycaemia, results in the renal morphological and functional alterations that characterise DN [1] . Although sustained hyperglycaemia has a profound effect on the kidneys, hyperglycaemia-independent factors (blood pressure, obesity, etc.) also play an important role.
It has been established that the onset and progression of DN are genetically determined [2, 3] . Ethnic differences in prevalence, uneven incidence over the time-course of the disease (culminating in the second decade of diabetes duration) [4] , familial clustering in different populations for both type 1 and 2 diabetes [5] [6] [7] [8] [9] [10] [11] [12] [13] , and the results of segregation analyses [14, 15] suggest the existence of susceptibility genes for DN in addition to those leading to diabetes. Linkage analyses have thus far been inconclusive [16] [17] [18] [19] . Nevertheless, results indicate that DN has the characteristics of a complex trait. Association studies investigating functional and positional candidates using case-control or family-based trio designs, led to the identification of numerous susceptibility loci [20] ; however, these results were difficult to replicate in different populations and study settings. The majority of conventional association studies investigated the isolated effects of one or a small number of markers, i.e. marginal associations.
Several approaches have recently been developed that test markers jointly [21, 22] . A novel paradigm lies in searching for statistical interactions between loci, which might have little or no marginal effects individually but contribute jointly to the trait. This is all the more justified given the lack of uniform criteria for significance in multilocus or genome-wide association studies and the interpopulation genetic heterogeneity, which can influence marginal associations to a greater extent than the interactions, and thus partially explain the difficulty in repeating positive associations.
The aim of our study was to investigate a possible association of a set of single nucleotide polymorphisms (SNPs) in functional candidate genes with DN in type 2 diabetes using two approaches: (1) traditional 'single-locus' analyses by subsequent correction for multiple comparisons; and (2) one of the recently proposed 'multi-locus' methods, the so-called set-association [23] . Although this study is still far from being genome-wide, and the selection of SNPs was hypothesis-driven, to the best of our knowledge it is one of the first to consider the anticipated oligo-/multigenic pattern of DN and to simultaneously assess possible associations of multiple interacting markers. Furthermore, comparison of two alternative methods can demonstrate whether the newly proposed multi-locus approach offers any substantial advantages over the classical one.
Subjects and methods
Subjects A total of 647 unrelated subjects (286 men/361 women) were enrolled into the study and assigned to one of three groups: type 2 diabetes with DN (n=235; age 63.5± 13.9 years); diabetes without DN (n=184; age 62.6± 11.4 years), and no diabetes (n=228; 59.1±15.5). The clinical characteristics of the study subjects are shown in Electronic supplementary material (ESM) Table 1. All diabetic subjects were followed in diabetic outpatient clinics; those with DN were also followed in nephrology units. The non-diabetic group consisted of subjects with fasting glycaemia within the normal range, as assessed by their general practitioners during routine medical checkups. All subjects were from the same geographical area and were of the same ethnic (white, central European) origin. The study was performed in accordance with the principles of the Declaration of Helsinki and approved by the Ethical Committee of Medical Faculty, Masaryk University Brno. Informed consent was obtained from all patients prior to their inclusion in the study.
Definition of phenotype The presence of DN was assessed on the basis of the patients' medical history of diabetes with established glucose-lowering treatment and periodical measurement of AER and GFR. DN cases were subjects with minimally persistent microalbuminuria (and subsequent more advanced stages of DN, i.e. overt proteinuria with variable decline of renal functions or end-stage renal disease). Repeated detection (at least two successive measurements within 3-6 months) of an AER of ≥30 mg/ day or ≥20 μg/min was used as the minimal inclusion criterion. Negative results of periodical screening for microalbuminuria and normal plasma creatinine in the presence of diabetes were used as classification criteria for diabetic non-DN subjects.
Description of gene variants and genotyping methods
The panel of genetic markers comprised 45 SNPs in 20 genes on eight chromosomes (1, 4, 6, 7, 16, 17, 19 and 20; for the complete list of SNPs see ESM Table 2 ). The selection of genes was pathway-based (i.e. direct association study); their products are involved in the pathogenesis of diabetic complications, and majority of them have previously been studied for marginal association. The proteins coded for by the genes studied included components of the reninangiotensin system, other haemodynamic factors, antioxidant enzymes, cytokines, growth factors, receptors and extracellular matrix remodelling enzymes. The selection of particular SNPs was based on: (1) their population frequency; (2) their known functional or regulatory impact; and/or (3) a previously described association with DN. Figure 1 shows the basic characteristics of the SNPs studied.
DNA was isolated from peripheral blood leucocytes by a standard method using proteinase K. Genotyping was performed by means of PCR followed by either: (1) direct electrophoretic separation of PCR fragments (insertion/ deletion, variable number of tandem repeats (VNTR) polymorphisms or allele-specific PCR); or (2) RFLP with subsequent electrophoresis. Details of the methodology are provided in ESM Table 3 .
Linkage Disequilibrium Analyzer 1.0 [24] and GOLD software [25] were used for analysis of linkage disequilibrium (LD). Lewontin's standardised disequilibrium coefficient, D′ (rather than r 2 , because the latter is more sensitive to the variation in allele frequency [26] ), was used to describe LD among SNPs.
Statistical analysis Deviations of genotype distribution from Hardy-Weinberg equilibrium (HWE) were tested by χ 2 tests. Differences in allele frequencies between case and control subjects were tested by likelihood ratio χ 2 tests for 2×2 tables (two alleles, case vs control subjects). The effect of multiple comparisons was assessed by calculating the overall false discovery rate (FDR) at a 5% significance level according to the Benjamini-Hochberg method [27] .
Set-association analysis was performed as described previously [23] (3) ...), irrespective of their genomic location. Sums with increasing numbers of SNP markers (i.e. n) were formed, starting with the markers ranked highest S (n=1) = s (1) ; S (n=2) =s (1) +s (2) , and so on. The primary interest was to find the n of SNPs in S that reflects the association of this set of markers with the disease. The significance levels (empirical p values; p n ) associated with the n-th S were determined by permutation testing (20,000 permutations). As the number n of SNP markers in S increases, the pattern of p values changes; following an initial decline to a minimum (min-p n ), it increases again. The smallest empirical significance level was considered our statistic of interest, and its significance level (p min , representing the whole genome significance), was determined again by a permutation test (20,000 permutations).
Estimation of haplotype frequencies was performed by the Bayesian-based algorithm (PHASE software. Available from http://depts.washington.edu/ventures/UW_Technology/ Express_Licenses/PHASEv2.php, last accessed in January 2007) [28] . The significance of differences in estimated haplotype frequencies between case and control subjects in this study was assessed empirically via permutation testing (5,000 permutations). In addition, haplotype-specific effects were analysed using inferred haplotype pairs by computing χ 2 statistics for a 9×2 table.
Power analysis was performed post hoc for a given sample size to assess the power of detecting an allele frequency in cases different from that in control subjects for the best associated marker in single and multilocus analyses. Calculations were done with the PAWE program In order to identify genetic as well as non-genetic variables that may contribute to predicting the disease phenotype, we carried out a forward stepwise logistic regression, a sequential procedure of adding one input variable at a time to build up a regression model in which the dependent variable (i.e. presence or absence of DN) is represented as the linear combination of independent variables (several clinical parameters and genotypes of 45 SNPs). Genotype codes were used as quantitative variables (AA=0, AB=1, BB=2). These codes were equivalent to counts of B alleles and reflected the allelic contribution of a given SNP such that each SNP represented one variable in the logistic regression.
Testing for gene-gene interactions was performed by conducting tests for contingency tables with subsequent correction for multiple comparisons (the overall FDR at 5% significance level). For a given pair of SNPs, we computed χ 2 statistics in 3×3 tables (three genotypes at one SNP vs three genotypes at the other SNP) as follows: (1) 
Results
Genotyping was nearly complete (98.63%); missing genotypes were due to either consistent PCR dropout or depletion of template DNA. Figure 2 shows the 'visual genotype' in each of the three groups. Data analysis employed the following strategies: (1) testing for departure from HWE and for an eventual stratification in both control groups, with the aim of pooling control subjects; (2) classical comparison of genotype and allele frequencies of each SNP between case and control subjects; (3) set-association with subsequent refinement of the results by haplotype analysis; (4) analysis of the relative contribution of genetic variables together with nongenetic covariates to the observed phenotype by stepwise logistic regression; and (5) testing the existence of epistatic gene-gene interactions between SNP markers located on different chromosomes.
HWE was not significantly violated in any of the three groups for any of the SNPs studied. Significant population stratification, ascertained by comparison of genotype and allele frequencies and assessment of the departure from HWE, was not detected in either of the control groups; hence, the two original control groups (DM non-DN and non-diabetic subjects, originally serving the purpose of distinguishing between eventual associations of markers with diabetes itself vs its complications) were pooled for all subsequent analyses.
Single-locus approach The genotype and allele frequencies of particular SNPs in DN and control subjects were compared marker by marker (for allelic frequencies see ESM Table 4 ). After correction for multiple comparisons (45 single tests) by calculating the FDR (α=0.05), there were no significant differences for any SNPs except for AGER 2184A/G, which showed significant differences in allele frequencies between case and control subjects (p= 0.0006), that is, a marginal association of the 2184G allele with DN. Set-association approach Using the SUMSTAT program, we tested whether a set of several SNPs might be synergistically associated with DN. This method selects the 'best' set of n SNPs, whose sum statistic (S) is associated with the highest significance. This leads to the inference that this entire set of SNPs might be interacting in some way to increase disease risk or, alternatively, that all SNPs contribute independently to disease risk. ESM Table 4 and Fig. 3 shows the combined statistics (s i ) for each SNP, and sums (S n ) with increasing numbers of SNP markers (Fig. 3a) , and changes of p n values corresponding to the sums formed by increasing numbers of SNP markers (Fig. 3b) . Six SNPs exhibited a significant set-association with DN: NOS3 E298D, AGER 2184A/G, LTA 252A/G, EDN1 8002G/A, NOS3 774C/T and AGER -429T/C, overall p=0.033 (permutation test, 20,000 permutations). Of these, four SNPs were localised in genes on chromosome 6 (EDN1, LTA and AGER) and two were localised in a gene on chromosome 7 (NOS3). Post hoc power analysis assessed the power of detecting difference in allele frequency between control subjects and cases in a given sample size for the best associated marker in the single-and the multi-locus analyses. We considered the power of detecting an allele frequency in cases to be different from that in control subjects. For our best associated marker, SNP AGER 2184A/G, the frequency of the G allele in the 412 control subjects was 0.15. The power needed to detect a significant difference in the allele frequency ( f ) in the 235 case individuals was computed as follows. We assumed significance levels of α=0.05 and α=0.05/45=0.001 (for 45 SNPs) and 1% error rates that one allele was erroneously identified as the other allele. Statistical powers to detect AGER 2184G allele frequencies 0.20; 0.23 or 0.25 in the case group were (A) 0.61; 0.94 and 0.99, respectively, for the uncorrected significance levels (α=0.05) and (B) 0.14; 0.58 and 0.84, respectively, for Bonferonni-corrected significance levels (α=0.001). Clearly, our samples had sufficient power to detect the frequency of 0.23 actually observed in the DN group, even with a Bonferroni-corrected significance level of 0.001.
Haplotype and multi-locus genotype pattern analysis of chromosome 6 Estimation of haplotype frequencies was carried out with the PHASE program, using unphased genotypes of SNPs in the EDN1, LTA and AGER genes, spanning the region 6p24-6p21.3 (see Fig. 4 ). A total of 14 haplotypes were inferred, eight of them with a frequency >1% (the remainder were combined into a single group denoted 'rare'). Haplotype frequencies (see Table 1 , upper part) were compared between affected and unaffected subjects by permutation testing. A significant difference in haplotype frequencies with omnibus p=0.0002 was ascertained (5,000 permutations).
To analyse haplotype-specific effects on the trait (i.e. presence of DN) we assigned pairs of haplotypes to individuals. For each of the haplotypes identified we counted how many individuals appeared to have this particular haplotype. We computed the χ 2 statistic for this 9×2 table. Odds ratios (ORs), 95% CIs and associated Fisher p values for each of the haplotypes inferred are included in Table 1 . We have identified three specific haplotypes, 2122 (AACG), 1122 (GACG) and 2211 (AGTA) with ORs>1.5 (ORs of 2.28, 1.80 and 1.64, respectively) exhibiting a significant association with the disease (p=0.0152, p=0.0237 and p=0.0191, respectively).
The results of pairwise LD analysis between all studied markers located on the 6p chromosome (including those contained in the disease haplotypes) in the control group indicated the most consistent LD between the two AGER SNPs (D′≥0.85, p<1×10 −4 ) (see Fig. 5a-c) . This was in agreement with our previous findings [29] . Conversely, LD between EDN1 and the remaining markers was low (D′≤ 0.34). Considering the large distance of EDN1 from the rest of the 'set-associated' markers on chromosome 6 (∼19.2 Mb) and consequent likely recombination, we concluded that EDN1 8002G/A is probably not a part of the same putative haplotype block and that its association could be considered as independent of the remaining SNPs on this chromosome. More detailed analysis of previously set-associated SNPs on chromosome 6 revealed highly significant differences in their haplotype distribution. Essentially, all haplotypes containing more than one minor allele were over-represented in the DN group. Haplotype analysis of chromosome 7 Haplotype analysis for the markers on chromosome 7 was performed as described for chromosome 6. There are another five SNPs located in the NOS3 gene in addition to those found to be significant by the SUMSTAT program (NOS3 E298D and 774C/T). Since NOS3 appears to be an interesting candidate gene previously studied for linkage as well as association with DN, we performed a haplotype analysis of this region, including all seven SNPs in the NOS3 gene (see Table 1 ). A total of 54 haplotypes were inferred, 13 of which had a frequency >1%. Haplotype distribution did not exhibit significant differences between affected and unaffected subjects (omnibus significance p=0.274, 5,000 permutation samples, 5,000 iterations). Major allele frequencies of both set-associated NOS3 polymorphisms (i.e. E298D and 774C/ T) were higher in the DN group (see ESM Table 4 ). Table 1 (lower part) suggests that haplotypes containing major alleles in these positions are slightly more common (however statistically insignificantly) in the DN group. This accounts for the general over-representation (and association) of both 298E and 774C alleles with DN without significant difference in haplotype distribution.
LD was generally very high across the whole NOS3 gene (Fig. 5d-f Gene-gene interactions The SUMSTAT algorithm does not allow interactions among associated markers to be specifically tested for. We re-analysed our data using the setassociation algorithm once again, this time omitting the most significant marker (AGER 2184A/G), to determine whether and how the results would change. Without this SNP, we were not able to identify any significant set of associated markers among the remaining 44 SNPs (all p n >0.05, p min > 0.05, 20,000 permutations). Apparently, the AGER 2184A/ G SNP, which exhibits both single-and multi-locus associations, is a driving marker of the set-association, suggesting a non-additive mode of putative inter-locus interaction. We evaluated potential multiplicative interactions between four SNPs in the EDN1, LTA and AGER genes, located on chromosome 6, and all seven SNPs in the NOS3 gene, located on chromosome 7, and tested whether pairwise interactions are significantly different between case and control subjects. For each of the 28 possible SNP pairs, we computed the appropriate χ 2 statistic with 4 df and its associated p value. After correction for multiple testing, none of the SNP pairs showed significant differences (data not shown). Therefore, although the results of the set-association analysis suggested a non-additive mode of interaction, we were not able to prove that genotypes at chromosomes 6 and 7 epistatically affect the genetic susceptibility to DN.
Discussion
Complex diseases, including diabetes and its complications, are presumably products of interactions among genetic variability in multiple susceptibility genes on different chromosomes. Disease occurs when a particular combination(s) of susceptibility genotypes are present in a given individual exposed to environmental factors; however, each Fig. 4 Details of the location and mutual distances of all markers located on the short arm of the chromosome 6 and those constituting the risk haplotype for DN individual locus is likely to have a low or no marginal effect on its own. In the present study we used the setassociation approach, a tool specifically developed to tackle this problem, to ascertain whether any SNPs of the total set of 45 markers in different candidate genes for DN are synergistically associated with the phenotype. The results can be summarised as follows. A set of six SNPs in four different genes localised on two chromosomes, namely, AGER -429T/C and 2184A/G, LTA 252A/G and EDN1 8002G/A (chromosome 6) and NOS3 774C/T and E298D (chromosome 7), exhibited significant joint association with DN Only one of these SNPs, AGER 2184A/G, showed a significant marginal association with DN in a single-locus analysis. This SNP appeared to be a decisive [driving] marker among the group of set-associated SNPs, since omitting the AGER 2184A/G SNP completely abolished the association of the remaining SNPs. In addition, frequencies of the EDN1-LTA-AGER haplotypes were significantly different between case and control subjects, whereas a similar situation was not observed for the NOS3 haplotypes, and significant associations hold only for the two neighbouring SNPs NOS3 774C/T and E298D. Furthermore, together with diabetes duration and HbA 1c , the SNPs AGER 2184A/G and NOS3 774C/T proved to be the strongest genetic predictors of DN. Finally, we have not proved any significant epistatic interactions between SNP markers on chromosomes 6 and 7, despite the decisive role of SNP AGER 2184A/G among set-associated markers. Haplotypes were inferred from genotypes of SNPs in telomere to centromere orientation (chromosome 6) or in 5′ to 3′ orientation (chromosome 7), i.e. EDN1 8002G/A → LTA 252A/G → AGER −429T/A and 2184A/G or -786T/C → −691C/T → 4a/5bVNTR → 5495A/G → 774C/T → 894G/T → 11G/T, respectively. The nucleotide in the first position of a particular substitution was denoted as 1 (major allele), the second nucleotide as 2 (minor allele). Haplotypes were ordered according to decreasing haplotype frequency in the DM + DN group; those with frequencies less than 1% in both groups were pooled together as 'rare' a Global differences in haplotype frequency profiles between particular groups were tested by permutation testing (PHASE, 5,000 permutation samples, 5,000 iterations). ORs and 95% CIs were assessed by computing χ 2 statistics for the 9×2 table b OR>1.5 with significant association with DN (Fisher p<0.05) DM type 2 diabetes mellitus Ascertained associations might either directly reflect causality of substitutions or, alternatively, suggest the existence of causal markers in their vicinity. In a previous study that focused solely on the AGER gene, we identified the so-called RAGE 2 haplotype (containing the −429C/ 2184G variants) as a disease marker for DN [29] . There is increasing evidence supporting the role of receptor of advanced glycation end products (RAGE) in DN pathogenesis [30] . While the EDN1 locus is quite distant from the other two, LTA and AGER are both located within a relatively short stretch of 6p21.3 that harbours genes of the MHC-III. In the case of LTA itself, many studies have implicated the SNP 252A/G in susceptibility to various diseases. The 252G allele associated with DN in our study has recently been associated with susceptibility to myocardial infarction in Japanese genome-wide association study comprising over 2,000 individuals genotyped for over 65,000 SNPs [31] . The study showed that the transcriptional activity of haplotypes containing the 252G allele was 1.5-fold higher than that of the other haplotypes. This finding is in agreement with functional evidence that the 252G allele is associated with higher LTA [32] and TNF [33] expression (only 1.2 kB separate the polyadenylation site of LTA and the transcription start site of TNF), as well as increased LTA transcriptional activity [34] . TNF-α undoubtedly contributes to renal diabetic pathology- The presence (or absence) of DN was considered as the outcome. The following parameters were considered as predictor variables: age, sex, diabetes duration, systolic and diastolic BP, HbA 1c and the genotypes of 45 SNPs a This is a constant of the equation indicating the predicted log odds for the dependent variable (case/control) when all the coefficients for the different independent variables are set to zero TNF-α levels are correlated with urinary albumin excretion in patients with type 2 diabetes at an early stage of nephropathy [35, 36] , as well as in rodents with streptozotocin-induced diabetes [37] , and TNF-α is a potent inducer of AGER expression in endothelial cells [38] . Taken together, although the telomeric part of the MHC III appears to be an interesting region in the context of DN, more detailed mapping and functional studies are warranted to clarify potential causality of the particular markers. NOS3 is a well-documented functional candidate for DN susceptibility because of the involvement of nitric oxide in DN pathogenesis [39, 40] . One of the first indications that genes within chromosome 7q35 (including NOS3) could influence genetic susceptibility to DN came from the nonparametric linkage study in Pima Indians [16] . Several positive associations of some of the numerous NOS3 SNPs with renal disease were documented in type 1 [41] and type 2 diabetes [42] , as well as in non-diabetic subjects [43, 44] , while other studies did not find an association [45] . The two 'set-associated' SNPs in our study-silent substitution 774C/T in exon 6 altering the third base of the codon (both encoding an Asp) and non-synonymous substitution 894G/ T alleles in exon 7 (probably not functional though since the resulting amino acid difference at position 298 Glu to Asp in the oxygenase domain is a conservative one)-are the most probably neutral genetic markers of a yet unidentified functional NOS3 or neighbouring gene polymorphism in a linkage disequilibrium with the two SNPs.
Although a relatively large body of data supports (predominantly paracrine) action of the endothelin-1 in renal pathology [46, 47] and specifically in DN [48] authors are not aware of any study investigating the eventual association between EDN1 locus and DN. The EDN1 gene was studied for possible linkage with end-stage renal disease in nondiabetic African Americans (with negative results) [49] and for association with renal impairment in whites [50] . The latter study, comprising over 7,000 individuals, demonstrated significant association between one EDN1 haplotype and diminished GFR and lower creatinine clearance. Association of the SNP 8002G/A represents, according to our knowledge, the first indication that EDN1 gene might contribute to susceptibility to DN and will certainly prompt further and more detailed study of EDN1 in connection with DN.
In summary, conducting a direct association study of 45 SNPs in several pathway-based candidate genes and DN in type 2 diabetes mellitus by means of multi-locus analysis we identified several SNPs in EDN1, LTA, AGER and NOS3 gene jointly associated with susceptibility to DN in a yet unidentified mode of interaction. Certain haplotypes on chromosome 6 confer the susceptibility to DN. SNP AGER 2184 exhibited the strongest association with DN-marginal on its own and decisive among the set of associated markers. Contributions of others are likely to be minor. The set association did not bring substantial methodological improvement, more likely, both methods were complementary. However, such a statement based on a single application of the method is certainly preliminary. We consider chromosomal regions associated in this study worth further detailed analysis.
